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ABSTRACT 

In the measurement of bio-electrical action potent-~ 
ials present on nerve fibres it is necessary to use an ampli- 
fier with a very high input impedance and low input current 
in order to obtain accurate results and avoid damage to the 
fibre. Since the micropipette probe through which connection 
is made to the fibre has an inherently high resistance and 
the signal being measured is small, the amplifier must also 
have a low noise figure. In the past these requirements have 
been met by using an electrometer tube as the input stage of 
the amplifier. In this thesis a solid state amplifier is de- 
signed using a field effect transistor in the input stage. It 
was also necessary to design a conventional noise amplifier 
in order to study the noise characteristics of the FET's and 
the completed circuit. As a final test on the bio-electrical 
amplifier a measurement was made of the action potential 


present in the sartorious muscle of a frog. 
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CHAPTER I 
Bio-Electrical Action Potential Amplifier Requirements 
lel General 
Many of the functions of the human body are insti- 
gated by electrical pulses. These pulses are transmitted 
through the body by means of a complex nerve system, In 
order to understand more about these nerve systems, the 
potentials present on them may be observed. This is not, 
however, as simple as it may appear. The main difficulties 
may be summarized as follows: 
a) It is difficult to make an electrical connection 
to a nerve fibre without damaging it, 
b) The nerve fibre is quite sensitive to electrical 
stimulation from the connected measuring device, 
c) The shape and magnitude of the pulse is not 
easily reproduced without the use of an amplifier 
with a wide bandwidth. 
In this chapter we will discuss these points in more 
detail in order to obtain the requirements which must be 
met by any amplifier used to measure these pulses. Once 
these requirements have been established, methods previously 


used for meeting them, as well as proposed changes to these 


methods, will be discussed, 


1,2 Action. Potentials 


A nerve fibre in its normal condition will be at 


a negative "rest potential" of approximately 100 mv. When 
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a positive potential is applied to this fibre, the potent- 
ial at this point will gradually rise until some "threshold" 
voltage is reached. At this time, the action will become 
self sustaining and produce a 150 to 200 mv. pulse with a 
rise time of approximately 100 micro-seconds. The pulse 
will then begin to fall at a somewhat slower rate back to 
the initial rest potential. The fall time will normally be 
about 500 micro-seconds although the rest potential is not 
reached for 2-3 seconds. A typical waveform is shown in 


figure l-l. 
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This signal is then propagated along the nerve in 
a complicated and not completely understood manner to the 
point where measurements are to be made, 

A rise time of 100 micro-seconds corresponds to a 
frequency response of approximately 3kc, but in order to 
accurately reproduce this rise time an amplifier having a 
frequency response of several times this value is required. 
According to guia?) with a critically damped response, the 
error in the rising phase of a 100 mv. pulse can be kept 
below 5 mv. at half amplitude if the amplifier has a 30 ke 
bandwidth. It would therefore be desireable to have a 
bandwidth of at least 30kc. 

1.3. Micropipette 

In order to make electrical connection to the 
nerve fibre, the use of a glass tube drawn to a fine tip 
and filled with an electrolyte has come into wide use in 
the past ten bees Wel seg tubes are commonly known as 
micropipettes. 

The tip diameter of a useful micropipette is about 
0.5 microns and the pipette is usually filled with 3 M KCl. 
Due to this tip restriction, the lineal resistance of the 
micropipette becomes very large near the tip. 

The normal method of measuring potentials on a 
nerve fibre is to submerge the specimen in a saline bath in 


order to prevent its dehydration. This bath also acts as 
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the ground connection to the nerve, and the micropipette 
must pass through it before reaching the fibre. This means 
that a distributed capacitance between the grounded bath 
and the electrolyte inside the pipette will exist. 

For our purposes an approximate lumped equivalent 
circuit can be used to represent these distributed para- 
maters, The variation of these values with micropipette 
penetration is shown in figure 1-2, as well as the prop- 
osed equivalent circuit. 
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The values of the tip resistances are extremely 
variable due to the variability of the methods of preparing 
micropipettes, but the lumped total R will normally be be- 
tween 5 and 50 megohms, and C will normally be 1 to 2 
picofarads,. 

In order to couple the signal from the nerve fibre 
to the amplifier with a 1% accuracy, it will therefore be 
necessary to have an input resistance of the order of 


10%9 ohms . 


1.4. Input Current 

If a current is applied to the cell, it will cause 
@ potential drop across the membrane of the cell. The mag- 
nitude of this potential depends upon the size of the cell 
and its membrane resistivity. If this voltage is large 
enough to raise the potential to the threshold level,a 
pulse will be generated. ase we ha een agree that a 
current of ene amps is sufficient in some cases to raise 
the potential to this level. It therefore appears that the 


ell 
input current of the amplifier should be less than 10 


amps, or preferably ip Passa. to avoid the possibility of 
this current producing a pulse. 
1.5. Drift 

Since it is usually desireable to record the rest 
potential, a direct coupled amplifier is required, With 


direct coupled amplifiers, some problem is encountered with 


output voltage drift. Since most tests are completed in an 
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hour or less, an output voltage drift of no more than 1 mv 
per hour, referred to the input, would appear reasonable. 
Since the amplifier will normally be used in a fairly 
constant temperature room, with a temperature variation of 
no more than a c/ hour, a drift with temperature of less 
thanse<3 mv. / % is required, These two drifts must be con- 
sidered as independent requirements, since drift with time 
may occur at a constant temperature due to power supply 
variations. 
1.6. Noise 

For an amplifier with a 30 ke bandwidth and a 50 
megohm source impedance, a noise voltage of about 0.15 mv. 
will be generated. In order to observe a 1 mv. change in 
the action potential, or rest potential, it would be pre- 
ferrable to limit the noise to 0.30 mv. if possible. This 
corresponds to a noise factor of 1, or a noise figure of 
6 db. 
1.7¢ Summary of Requirements 

The requirements of the amplifier can be summe 


arized as: 


a) Frequency response de.to. 30. ke 
b) Input resistance > 107° onms 

c) Stable input current te amps 
a) Drift Gea meet G, 


< 1.0 mv./ hr. 


e) Noise figure (0-30 kc) <6 db 
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1.8, Previous Amplifiers 


These requirements have been met in the past by 
using an electrometer tube for the input stage. These 
tubes have a very small input current when operated at 
reduced potentials, as well as a very high input impedance. 
In order to reduce input capacitance, these tubes 
were operated in a cathode follower configuration, with the 
shield around the input lead connected to the cathode, 


This reduced the grid-to-cathode capacitance Cgk to: 
1 

gk 
This process is commonly referred to as capacitance 


Co, = C oye ( =A) where A = grid-to-cathode gain 
neutralization. 

The next improvement to the input stage was a cir- 
cuit in which the plate voltage also followed the input 
signal. This effectively reduced the capacitance from grid 
to plate, 

The final step in the evolution of this field of 
amplifiers was to feed an in-phase signal into the grid 
through a small capacitor. This gave an effective negative 
capacitance to the grid, which could be adjusted to equal 
the input capacitance present, This was a big step since 
the input capacitance could be expected to be different for 
each setup. It also gave a simple method of adjusting the 
system damping for optimum reproduction, 


Although these circuits all worked well, they were 
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subject to microphonics and could not be reduced in size 
for special applications, 
1.9. Proposed Design 

In order to eliminate these microphonics and pre- 
pare a circuit which could be reduced in size, the design 
proposed will use semiconductor devices for all active 
stages. This was impossible until the recent advent of the 
field-effect transistor with its high input impedance and 
low noise figure. 

The lessons of the past will, however, be observed 
by applying both negative capacitance and capacitance 


neutralization. 
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CHAPTER II 
NOISE AMPLIFIER DESIGN 
2.1. Requirements 

Since it was desired to make a very low noise 
biological amplifier, some means of measuring the noise 
and comparing the noise of different components was re- 
quired. Any accurate measuring technique which could be 
chosen was found to require an amplifier with a gain of 
about 1000 and a frequency response at least as wide as 
that of the biological amplifier. 

It was decided to measure noise as a voltage source 
rather than a power or current source, due to the ease 
and accuracy of making voltage measurements. (This is, 
however, still a method of measuring noise power). This 
method of measurement requires an amplifier with a high 
input impedance. Since the output impedance of a field 
effect transistor is usually about 100 K ohms, an input 
impedance of about 10 megohms was considered sufficient. 
2.2. General Circuit 

The circuit as finally evolved consisted of a boot- 
strapped Darlington connected input stage as one leg of a 
differential Seitied ois, The output of this stage was then 
fed to a high gain second stage. The feedback loop was 
closed by feeding a portion of the output into the base 
of the transistor forming the second leg of the differ- 


ential stage. The complete circuit is shown in figure e-l,. 
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+ 6 Volts 


-6 Volts 


R,= l Meg. R p=1K C= 2012 Aft 
eng 3.26 Meg. Rg= 10K Co= 0.1 wt 
La l. Meg. Rom 1K C= B00. Mt 
Roe 39K R447 100h Q4= TIW15 

Ry = 680K Ryo= 1 Meg. Q5= PS 
RED 27K By 3h 820 2 23 2N3251 
R,= 1K Ry),= WK Q),= 2N1304 
hoe 6, 8K 26 PTS 


figure 2-1 Noise Amplifier Circuit Diagram 
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2.3. Input Stage 


In order to obtain the high input impedance 
required, a Darlington compound was used in the input 
stage in a common emitter connection with a large emitter 
resistor. In this type of connection the input impedance 
is approximately hp Ras where Ry is the resistor in the 
emitter lead, and Dee is the current gain of the compound. 
Therefore, a high value of hp, is desireable. The perform- 
ance of the Darlington connection can be described by 
considering the compound as a single transistor having h- 


paramaters as shown below: 
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Where 
' hpeaky 
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Noise is also an important characteristic of this 
stage since the noise performance of an amplifier is norm- 
ally limited by the noise performance of the first stage. 
Nielson‘ ”)nas shown that for large source impedances the 
best noise performance is obtained by using high current 
gain devices operating at very low collector current levels. 
With these considerations in mind it was decided 
to operate Q4 at about one microamp collector current, and 


Qo at 100 microamps, with both Qy and Q5 being high current 


gain TI15 Silicon NPN transistors. The input impedance 
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and noise performance of the amplifier will be discussed 
in a later section after the closed loop performance of 
the amplifier has been calculated. 
Zee Second Stage 

The voltage gain of the first stage from base to 
collector will be quite small, since its main function is 
to provide an impedance transformation and a high input 
impedance. Therefore, a high gain second stage is required. 
This was obtained by operating Q3 in a common emitter stage 
and using 21 connected as a constant current source for the 
A.C. load impedance. The gain is reduced from the maximum 
possible for this arrangement by shunting Qh with Riis a 
100 K resistor. This reduces the effect of the output 
loading on the gain of the circuit. In order to obtain 
high gain without limiting the frequency response too 
severely a 2N3251 Silicon PNP transistor was used for Q36 
A 2N130h germanium transistor was satisfactory for Qype 

We may now calculate the input impedance and volt- 


age gain of this stage using well known equations. 


h 
1 +( = . Aop) Ry, 
ioenee pe ee Ra 
oeeere aba 
where Re = 100 K ohms and the h-paramaters are those of Qz6 


Therefore: Se = 5.8K/ Ro = 312K 


The voltage gain is: Rr, 1 
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2.5. Differential Stage 
In the circuit of figure 2-1, Qy and Qo form one 


leg of a differential amplifier and Qe forms the second leg 
with Ry supplying a fairly constant current to the stage. 
The main function of the differential stage, in this case, 
is to provide a high impedance point( i.e. the base of Qc) 
in which to close the final feedback loop. In order to 
obtain balanced operation as well as a low noise performe- 
ance, a third high gain TI15 transistor, operated at 100 
microamps, was used for Qee 

For calculations we may consider the input stage 
as a common emitter with an unbypassed emitter resistor 
approximately equal to hy, of Qcoe Under these conditions 


the voltage gain of the first stage can be calculated as; 


_-G 
sy Ca ie at 
4in2 
where GY ™ Lies 
ibs 
and gv a aes 
ibs 


Therefore A VY -=-.6 
Vi 


2.6 Closed Loop Response 
The total open loop gain of this amplifier will be; 


=A A = 7300 
vd oy 


vo re 


When the loop is closed by feeding a portion (2) of the 


output to the base of Q_s 2 gain of close to 1000 is realized. 


(rt) “ 


engi Laligeustt2d 2.8 

eno mtot Re bis fea .f+-S emgtt to attnorto eA? ams “ 
gol bnonee eid amiof 9 hae qébitiqme Tabinowedeth w to gel 
egaie edd of treamwo dnbianoe yixtsl 2 gabytqque oh detw 
,ese20 elrit at ,emate Labtdpesettth ed? Io ootvonu? alam edt 
(96 To eesd end .e.f )datog sonsheqmt dpi 2 ebiverg og at 
od ebro dr aoal Yondbee! Iant?t sat esofo og Holdw at 
-mrotreq eaton wol # es Ifew sa cottensqo beomsfad atesdo 
OOL Js betsisqo ,totetenatt CLIT chen deta bated 2 .oonR 
8 Tol bees saw ,eqmeotoim 

egaie Juont sit tebiencs vam ow enoltidsivoetan rz9% va 
govetsen asetiine beeraqydny os dtlw tesditers mommies S&S es 
enolthbnos seedd tebs ..0 to 5) od feups yletmmixorqge 


c teat oft lo miag syadtov end 


-82 Bevaluslao sed aBo ax 


fet 
ie) 


RF ii og cv" 
off = Se MD) etertw 
edt 
a AA 
[2,i<= ae “3 Sr 
edt 


OOEY = ; “sada 
ar og Pe 7 = 
ie: prot? 
-beoxzifpeet et 000s 03 seolo to alsn B ‘sp +6 saad edt ot 


The feedback ratio is: 


R 
= i tas =3 


This value of 4 will hold until the reactance of C, 
approaches 820 ohms. The corner frequency of this rise was 
set at 0.65 cycles/ second by making C3 a 300 af capacitor, 


The closed loop gain will be: 


At this point the closed loop gain from the input to the 
point E of figure 2-1 can be calculated from the equivalent 
circuit of figure 2-2, where hyp is the equivalent h;, of 
the Darlington compound connection as given in section 2.3, 


and V5 = ViAvch 


ay 


Figure 2-2 Differential Amplifier Equivalent Circuit 


If we write node equations for this circuit we 


find that the gain to the point E is: 
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1 
eh ak 
into the base of Qy° With the loop closed we can consider 


We may also calculate resistance Z seen looking 
the differential circuit to be a single transistor stage 
loaded by Zino and with an equivalent emitter resistor Zeq? 
The closed loop gain of the first stage is: 


A 
pA = —0,65) 


Ave 
=Z 
= in2 gins ie 
Then Zeq = F = Hy, = &. 73K 
vic 
and G,, = Zsno/ Zeq = 0266 Beas hyp/ Zeq = +0086 


The input resistance of this stage is given by: 
Z atl tee al here. : ~ 30 Megohms 
inl eq fe"eq (1 + Geog) Boni 


2.7. Bootstrapped Bias Network 


The main function of the bootstrapped bias network, 
in this case, is to set the input impedance to the level re- 
quired. The impedance of the bootstrapped resistance Ry as 


seen at the input terminal, appears to be; 


ry 
Zp4as i ESE 
Ry, 
where = A = 0,886 
A R +R VE 
oa) 


and R, = Rog//Rop 


The input impedance of the amplifier can therefore be calcule- 
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ated as: 


t Ry 


Zi IPS Zsa > js = 6.8 Megohms 


This value was considered to be sufficiently close 
to the requirement of about 10 Meg. given in section 2-l. 
In order to calculate the low frequency performance 


of the input stage, Edwards (4) 


has shown that the bootstrapped 
network shown in figure 2-3 can be described as an operational 


amplifier with feedback as shown in figure 2-h, 


figure 2-3 Bootstrapped Bias Stage. 


V 


figure 2- Equivalent Circuit of Bootstrapped Bias Stage. 
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erarinally flat if Y=0 
b) Underdamped if Or ea®, 
c) Overdamped if Sie 
With the elements shown in figure 2-1 these values can be 


calculated as: 


T, = 0.0992 seconds, or f, = 1.62 cycles/second 
7 = 0.776 
Fx = 0.139 
= G. Loe 


x 


(FL) 


ei mateye eid? Yo softonut tetemaad ed? 


Sey 5 Vv 
Go > s ae 
2 
C+@atS + |@ f 
—~. = ¢ T= q eteriw 
ow ; 


cy 
3 + rie = 5% 
¥ r) q 1 = ol 
; a ws ae 2 + f = med 4 = 2 
——we s — i 7 a 

| (9 = I) A | i= ra e 

i 
+. = 3 

3 


St = q ti dadd mwode oela ef 31 


Smt —= lpg i 


[+ "OS 
“5 zy * 
“UV e<¢ bt ™S 
S S$. 
Pent “*s Se “? Sey etedW 


ed Iiiw medvaye ed? baA 

O=% IW deft eifamtxed (e 

a me Ii becmebtebal (¢ 

o<¥ if beqmebtevo (o 
od mao eoulay eeedd [-S erupt? of awore stnemefe esd doi 
:@e betaluolao 

broves\sefors SS.I = ot %O ,ebnoose SPCO.0 = o: 

aryo = F | 
e640 = 


i 


is 
F 


(18) 


From these results we see that the input stage will 
have a slightly overdamped frequency response and a lowe 
frequency cut-off of 1.62 cycles/second. 

2.8. Summary and Experimental Results 

The calculated and measured characteristics of the 
amplifier are summarized in table 2-1, and show a good agree- 
ment. The open loop and closed loop gains are plotted as a 
function of frequency in graph 2-1. The upper cut-off freq-= 
uency of l2ke indicates a Cy 


b 
@ reasonable value for a 2N3251 transistor. 


of Q3 of about 4.eSpf, which is 
The input impedance of the amplifier was found to 
remain constant over the entire bandwidth at 7.1 megohms in 


parallel with 17 pf. 


Table 2-1. 


Characteristic Theoretical Measured 
Open loop gain 7300 6500 
Closed loop gain 10,0 1040 
Input impedance 6.8 Mego Toy Mege 
Input capacitance LL? fe 
Upper cut-off frequency 2 ke 
with fen 
Lower cut-off frequency 1.62 cycles/sec. 1.7 cycles/sec. 


2.9. Noise Performance 
The noise performance of the amplifier was measured 


by means of the setup shown in figure 2-5. 
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Noise 


Noise Bandpass 


Generator Amplifier 


Filter 


RMS 
Voltmeter 


igure 2e5 Noise Measurement Sctun 


The resistance R will generate a noise voltage of: 


ef = \kTR,B 
Where 
z Ei =a3 ° 
k = Boltsmans constant = 1.37)x10 joule/ K 
T = Temperature in degrees Kelvin 
B = Bandwidth in cycles/second 


With the switch connected to ground the noise volt= 
age generated by R, will be amplified by the noise amplifier 
and give a reading on the "true" RMS voltmeter. The value 


measured by the voltmeter when the input impedance Zin is>>R, 


Will be: 
on = 0 DAY F 
where 
= noise factor of the amplifier 
A, = voltage gain of the amplifier x gain of the 


bandpass filter, 
When the noise generator is placed in series with 


Rg its output will also be present at the input to the ampli- 
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fier. The input due to this voltage, providing Z, >> R, 
Will be: e, =A e 

a v ng 
where One = output voltage of the noise generator. 


The total RMS output voltage, since there is no 


correlation between the two sources, will therefore be: 


ee yuped "24 
This means that if the output voltage with Re 


connected to ground is increased 3 db when Re is connected 


to the noise generator, then ©, = Coe 
° Cn = ‘ea 
or: (e,A,) F 5 (en gAy) 
eng 


and the noise factor is F = mee 
n 


The value of the noise factor found by this method 
can be converted to the more commonly used noise figure by 
&@ simple formula, | 

NF = 10 log, oF 

Since noise figure varies with frequency and with 
source impedance Ro» both of these variations were measured, 
The bandwidth was held at — 10% or = 20% of the center freq- 
uency by means of the bandpass filter. 

The noise performance of the amplifier was found 
to be quite satisfactory as shown in graphs 2-2 and 2-3, 
With the source impedance set at the design center of 220k 
ohms, graph 2-2 shows that the high frequency noise figure 


was about 3 db, with + noise predominating below lkc. This 


graph also shows that the = noise begins to predominate at 
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a higher frequency when the source impedance is lowered to 
12 K. The accuracy of the measurements at low frequencies 
is greatly reduced from the +1 db tolerance found at freqe 
uencies above about 1 kc, due to the great difficulty in- 
volved in reading noise voltages at low frequencies. 

In graph 2=3 the noise figure is shown to reach 
a broad minimum at source impedances of 100 K ohms to 
200 K ohms for high frequencies, with the minimum shifting 
to greater than 00 K at 100 c/s. Since the majority of the 
frequency spectrum of the amplifier is above 1 kc, it is 
seen that the noise figure is optimized when the source imp- 
edance is close to the design center of 220 K. 

Before making these tests, several different T1l15 
transistors were tried in the input stage, and the unit have 
ing the lowest noise figure was used. The noise figure appe- 
eared to be lowest with the highest gain units, as predicted 


by noise theory(7), 
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CHAPTER IIT 
BIOLOGICAL AMPLIFIER DESIGN 
3el. Component Testing 

In chapter I, several requirements were placed on 
the input stage of the amplifier. In order to help determine 
whether these requirements could be met by a field effect 
transistor stage, it was first necessary to closely analyze 
the performance of these transistors, 

Low frequency admittance paramaters, or conducte 
ance paramaters, are usually used to describe the perfor- 
mance of a field effect transistor. Capacitance values are 
also stated in most cases. The small signal equivalent cire 
cuit as well as conversions to heparamaters are given in 
Appendix I. 

The main requirements on the device to be used 
for the input stage are: 

1) high input impedance 

2) low input capacitance 

3) low noise 

It was found that these characteristics were assoce@ 
fated with low values of forward transconductance. Since 
transconductance can be multiplied by the use of compounded 
stages, this was not felt to be a serious drawback. 

Several Siliconix transistors of the 2N2600 series 
and 2N28)0 series, were chosen as-having a low input capac 
itance, and a high input impedance. 


The noise figure of these units as a function of 
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frequency and source impedance, was then measured, using the 


set-up of figure 3-1. 


V 
Re 
Noise Sy Rg Noise 
Generator ° Amplifier 
Rp $F Y 
RMS Bandpass 
Voltmeter Filter 


figure 3-1 Noise Measurement Setup for FETIs 


Using the same measurement technique as discussed 
in Chapter II, the results shown in graphs 3-1 and 3-2 were 
obtained. Although several transistors were measured, only 
the three FET's having the best noise characteristics are 
plotted. These results show that one of the 2N28h2 trans= 
istors was most suitable, on the basis of noise performance, 
over the majority of the frequency range and over the range 
of source impedances called for in chapter I, 

On the basis of these comparisons, the 2N282 
Siliconix field effect transistor was chosen for the input 
stage of the proposed amplifier. 

322, Input Stage 

In order to effectively reduce the input capacite- 

ance of the amplifier, a source follower connection was used. 


This reduced the gate to source capacitance C by the 


gs 


factor (l=-A__). Where A is the voltage gain of the source 
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follower which is derived in Appendix I as: 


Since this places a premium on a high Bp , the 
s 
field effect transistor was compounded with a TI415 silicon 
NPN transistor as shown in figure 3-2, 


Drain 


Gate 


Source | 
R ues 
aap an 


figure 3-2 FET Compound 


, 
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As shown in Appendix II, this network can be cone 


sidered as a single field effect transistor with common source 


conductance paramaters,. 
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and the subscript 2 refers to transistor Qo 
This connection, therefore, serves mainly as a 


transconductance multiplying network. 
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3.2.1. Input Stage Bias 


Output current drift of a field effect transistor 
can be made positive, negative or zero depending upon the 
bias applied to the transistor(9), This is possible since 
the total drift is due to two effects having opposite temp- 
erature coefficients. 

1) Normal drift of the reverse biased gate to 
source junction which gives the drain current a positive 
temperature coefficient. 

2) A decrease of majority carrier mobility with 
increased temperature which gives the drain current a neg- 
ative temperature coefficient. 

A zero drift bias was considered desireable for 
this application so that the input stage would have the same 
operating point at all temperatures. This also gave a fairly 
small quiescent current level in the FET and allowed the use 
of a relatively large resistor R,in figure 3-2. This gave 
the maximum possible transconductance from the compound. 

In order to determine the exact bias required, 
drift measurements were made. The results of this test are 
plotted in graph 3-3, which shows that a bias of + 0.6 volts 
would give zero drain current drift. At this bias, the drain 
current of the 2N28h2 was found to be 5 microamps. 

Since a high current gain was required of Q,, a 
quiescent current of 1 ma was chosen. At this level ane is 
within 10% of its maximum value. A = 12 volt power supply was 


chosen, which required the use of a load resistance Re of lek. 
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The value Biate Uithenre 3-2 may also be calculated, 


2 Ip i as 


or at the operating points chosen R= 15.1K 


2 
3.2.2. Input Stage Characteristics 


The measured paramaters of Qy can be taken from the 


input and output characteristic curves of Appendix III. 
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The paramaters of Q5 measured at 1 ma collector 


current were found to be: 
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Using the equations of Appendix II the compound conductance 


paramaters are therefore: 


g = 6x107!* mhos g = 1074 mhos 
rs os 


Ee 1 
gi, = 20x107** mhos gp, = .0348 mhos 


Several quantities can now be calculated from the equations 
of Appendix I. The voltage gain of the source follower is: 
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The output impedance is: 
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EOE a et pr WR, = 28.5 ohms 
Efs 
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Za =—— = epee gr ohms 
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It is therefore obvious that the input impedance 
cannot be degraded very much if the specifications of 
Chapter I are to be met. The value of Cos will be quite 
effectively eliminated, however, since it will be multiplied 
by a factor 1-A,, or .002. 

By examining the input characteristics of Appendix 
III, it is noticed that at the operating point chosen an 
input current of approximately 160 pico-amps can be expected. 
In Chapter I it was found that an input of less than one 
pico-amp was required. In order to reduce this value, current 
compensation was employed by connecting a 1000 megohm resis- 
tor from the gate to an adjustable portion of the source 
voltage as shown in figure 3-3. 
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figure 3-3 Input Stage of Biological Amplifier 
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If the gate is at zero volts, then the required 
value of V, is: 
Vz = 160x107)x10? = ,16 Volts. 
The ratio of R./R, required is therefore 


20362 
Ee i; 


By cg be fs bl aS a 

The value of R;, was chosen as 1M and R, was 
made a double control, the first a 100K ohm control for 
coarse adjustment and the second a 3K ohm control for fine 
adjustment. 

The effect of this current compensation resistor 
on the input impedance was reduced by an effective boot- 
strapping of the 1000 Megohm resistor, 


The bootstrap gain is: 


V 
ree Ee 1 7 
Aztz=ewa_ = .-...._ A = 0.965 
V VL 
g R /R,, +1 
and R = 1000 Meg. = 2,85x101° ohms, 


off 1 a= 6965 
The input impedance will therefore be degraded to: 
5x1019 //2,85x101° 


1.85x10!° onms 


Zin 


This value of Z;, is still acceptable by the stand- 
ards of Chapter I, but it could be improved by using a larger 
current compensation resistor. 

This stage was completed by placing a 1N66 diode 
in series with R, of figure 3-2 to compensate for the temp-= 


erature drift of Qoeo The total output voltage drift of the 
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compound stage was then found to be 0.2 mv/ EG, which was con- 


sidered satisfactory. The value of R, was also adjusted to 


a 
14.9 K in order to maintain a 1 ma, collector current in Qos 


3.2.3. Noise Performance Of The Input Stage 

The minimum noise that could be expected from this 
stage is that contributed by the field effect transistor and 
plotted on graphs 3-1 and 3-2. We can calculate the expected 
performance of the input stage by first studying the open 


loop circuit (fig.3-h) and then closing the loop, 


L 
R Z R - 
3f/ 292 a asa, 


figure 3-l, Noise Equivalent Circuit of Input Stage 
(7) 
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According to Neilson the noise factor of a 
transistor is reduced as Dre of the unit is increased. There- 
fore the choice of a high gain TIh15 for Q, not only gives 
the maximum transconductance increase but also gives the 
lowest noise device. 

In this same article, the source impedance Rsopt 


for the minimum noise factor of a transistor stage is cale- 


culated as being: 
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Using these equations, the optimum source imped- 
ance for Q, at I. = 1 ma is approximately 1.6K. The source 
impedance actually seen by Qo will be 14.9K in parallel with 
the output impedance at the drain of Qy° 

In Appendix I, equation (5), the output admittance 
of a common source field effect stage with an unbypassed 


source impedance was calculated, 


Using this equation and paramaters given for the 
2N2842 transistor, the output impedance can be calculated for 
a 10 megohm source impedance as being 6.8 megohms so that the 
source impedance seen by Q5 of figure 3-3 will be essentially 
the value of R, or l.9Ke 

Also given by Neilson is an equation relating the 


noise factor F using the optimum value of Rs to that found 
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using a different Roe 
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1 
k, +o 
where k = Br ieee aS EM 
Rsopt 
Therefore A aa n.523 


Hence this stage will have a noise factor reasonably close 
to its optimum value, 
When n stages are cascaded the total output noise 
voltage can be calculated by the following equation: 
2 


a 2 2 
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The total noise factor is: 
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Where 
R = source impedance for stage i 


sg 

A, = voltage gain of stage i 
k = Boltzmans constant = 1.38x107>° 
T = temperature in degrees Kelvin 
B = Bandwidth 

The voltage gain from the gate to the drain of the 


FET of figure 3- is given by equation (6) of Appendix I, 
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where R, = R255 = 9.9k and Z., is the output impedance 


of transistor Q5° 
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Therefore the combined noise factor is: 


F R 
Ft cael Fis _se28 82 
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= FL + ° O1EF,, min 


If the feedback loop is erased this value is not 
changed although the total gain of the two stages will be 
reduced to 0,998, 

It is therefore obvious that the noise performance 
of the input stage wil be only slightly degraded by the 
addition of Q,. 

The addition of a forward biased diode in series 
with rh cae not have very much effect on the first stage 
noise performance since it has been shown!) that noise in 


a forward biased diode is equal tos 


ee 
sere n(4kTr)B ) 
where Py is the dynamic impedance of the diode and 


n= L—% —_P__ 


where 15 = current through the diode 


ny reverse saturation current of the diode 


po 
Therefore 4<n<1 for forward bias. 

Since rp is approximately 800 ohms in this case, 
and n is very close to 4, the noise voltage generated will 
be considerably less than that generated by Roo 
3.3 Second Stage 


The need of a second stage was obviated by two 
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requirements; 

1) Zero output voltage for zero input. The out- 
put voltage of the first stage was set at + 0.6 Volts, and 
therefore does not meet this requirement. 

2) A gain of greater than +l for negative capa- 
citance feedback. The input capacitance of the first stage 
will still contain the capacitance from gate to drain of the 
2N2842 and also stray capacitances to ground, This can be 
compensated for only by the use of negative capacitance feed- 
back. 

In order to obtain the above characteristics, a 


compound connection was used as shown in figure 3-5. 
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figure 3-5 Complementary Compound Connection 
A 2N3251 silicon PNP transistor was used for Q3, 
and a T1415 silicon NPN transistor was used for Q). Since 
a silicon transistor has a Vp,~ 0.6 Volts at 0.1 ma coll- 
ector current, and since the output of the first stage is 


+ 0.6 Volts, the voltage at the emitter of Q, will be very 


é 


close to zero. 


This transistor pair can also be considered as a 
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single transistor with h-paramaters, 
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The heparamaters of Q3 at O.1 ma collector current 
and Qy at 1 ma collector current as well as those of the 


compound connection are listed in table 3-l, 


Q (2N3251) 
ae tee 


Compound 


2,28 
,3x10-! 

2.1x1074 
58500 


Table 3e1, 


The value of Ryo was set at 8.2 K so that the 
collector current of 24 would be about 0.1 ma, This stage 
was also operated as an emitter follower so that a load ree 
sistor of about 12 K was required. 

The voltage gain of an emitter follower is always 
less than one. However, for negative capacitance feedback, 
a voltage gain of 2 or 3 would be required, This was obtained 
from the compound block by placing a capacitor Co and an ad= 


justable resistor Ry 3 as shown in figure 3-6, 
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figure 3-6 Second Stage of Biological Amplifier 


Where the values chosen for these components were: 


11 LOK 
Ris —le TR 
13 = 10K 
04 t 
Therefore sh = ,815 ma. Io3 = ,090 ma. 


giving ad = 117 
Although this arrangement has a maximum gain of 
less than 2 at frequencies below the R/C. cut-off freq- 
uency (0.5 cps), capacitance neutralization is not required 
at frequencies below a few hundred cycles per second, 
At high frequencies: 
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The circuit at this stage is shown in figure 3-7. 
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figure 3-7 Amplifier Circuit Diagram without Feedback 
3.4 Negative Capacitance Feedback Loop 
Noise in neutralized capacity or negative capacit- 
ance amplifiers, increases at 20 db per decade abcve a corner 
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capacitance amplifiers is shown in figure 3.8, and shows that 


the feedback capacitance C, will add to the already present 


i 
Cs as far as determining the upper corner frequency of the 


noise voltage response, 


figure 3-8 Equivalent Negative Feedback Circuit 
The gate to drain capacitance was used as a part 
of Cr in order to reduce the amount of extra capacitance 
added to the gate, This was done by bootstrapping the drain 


of the input stage as shown in figure 3-9, 
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figure 3-9 Bootstrapped Drain and Feedback Capacitor 
This capacitance, Coas is about 3 pf and since the 
total input capacitance to be compensated is expected to be 
about 15 pf a further capacitor Cy of 5 pf was added. This 


made the maximum capacitance which could be neutralized equal 
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gd 
ralization could be increased either by increasing ee or 


to (AL (mex) —m1)(C | + a) = 17 pf. The amount of neut- 


Ap (max) 
3.5 Controls 

Several adjustable controls were required at 
“critical points. These controls are included in the complete 
circuit diagram of figure 3-10. 


By the use of the adjustment R The output volte 


fis 
age can be set to exactly zero volts. Since this resistance 
is only 100 ohms, the most the overall gain will be increased 


R 
is AA = el sages Yrrsed 8,3x1072 


vl 
Rib 


Adjustments Ry and Re can be set to give zero input 
current and Ry3 varies the amount of negative capacitance 
feedback. 

Switch 'S! varies the frequency response of the 
feedback loop. This reduces the high frequency noise but 
also reduces the high frequency effectiveness of the neg- 
ative capacitance feedback. The addition of Ro will reduce 
the amplifier gain by a factor of 1—8,5x1073 and sets the 


output impedance of the amplifier at: 
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The positions 1 to 7 of the switch correspond to upper cut- 
off frequencies of the feedback loop of: 

1) 1 Me l) 320ke 7) 95ke 

2) 500ke 5) 180ke 

3) 380ke 6) 130ke 
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R 
Re 

R= 1K Meg. Ray = LOK C= 100pf 
ps 1h. 9K a eth Cg= 150pf 
R= 12K Ry,> 10K Co= 30Mf 
R, = 100K Ry)= 1K Ca= 50 uf 
Re= 3K R, >= 10 Meg. oa 5 pf 
Os l Meg. Rage 1 Meg. Q,= en28h2 
R= 100 C= 15 pf Qo= TINS 
Ra= 1K Co= 25pfr Q3= 2N3251 
Rg= 10K C= 33pf Q = TIS 
Rio= 8,2K Sie 68pf 


figure 3-10 Complete Amplifier Circuit Diagram 
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3.6 Total Noise Performance 
The total noise factor of the amplifier is given 
by the formula used previously. 


R 


Fr = F(input stage) + F wy bes + F sh 
sl'vl a1 yoyo 
Where AL is the open loop gain from base to emitter of 2. 
and Aa = ,998 


The optimum source impedance for Q calculated as 


a 
for Q5 but at 0.1 ma collector current, is 5K. Since the 


source impedance used is 10K, then A 16015, 


For Q the optimum source impedance is 1.2K, and 


eg 


since the source impedance seen by Q, is approximately 8.2K, 


mM 


Neilson's equations give F/F min. = 1.33. The value of Ay 
can also be calculated in an open loop configuration with 


only small errors, 


A .m™ Ri of arin 
v2 R 
Le 


Where Zeal Beal iph = 7,.65K 


A = 6 
Therefore a Ly 


So that the total noise figure of the amplifier is; 


F = Fy + O18F., (min) + /001F (min) + -0013F), (min) 
This is very close to Fis the noise factor of the 
2N2842 field effect transistor used for the input stage. 
3-7 Summary of Amplifier Characteristics 
Ree.= 1.85x10?° ohms 
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v (min) 


_ (eg) 


sonamsotred eetom fasoT o.£ 


meviy et teltiiqns edd to totost eetom Istod edT 
.Ulavotverq beawx alumrol edd yd 


a sons ‘I 4 ss... et. + (ensde tuant)T = 
a S.A 
are cae {fy fe 
Ye’ ‘tme of sesd mort atss qool nego edz et Sy4 er9edW 
6ee, = tye bas 
es bedalfwoleo ..8 tol eonsheaqmt oo51No8 mumtigo edt 


a 3 
edt sonté .3e et ,tnexwwo totoseiios Sm £.0 ta Jud a 107 


s2L0,f = a\" cedt MOL ef beay sonsbeqmt eomos 


obit 

bre .MS.[ et somebeqm!l sowoe mumigqo emg a” 10% 
.4S.8 yledamixorzcas at £ yo nees sonsbeqmi sowwoes edd eonte 
- A to exisy ofl .£€.f = .ofot Gi evin emofseupe a'noelieh 
ftiw noltawsttooo qool meqo ca nal Setveineisgo ed oels aso 


-sxo1se Llame yIno 

s\. 4 

et OL 

eat: 
SI i” 
Wedel = = 

OT = eee igyt = gph One 
8, = sy etote1ed? 
:el tefLitiqma edj Io etupt? eeton Iatos edt nee 
uo 
edt to to¢ost eeton edd op ot seolo ytev ef etAT a; 
,euete twqal ez tol beew todslenert goetie Bblett SuOsns 


( En) 2200. + (rrtaor) g BL00. + (bm) gtlO, + + t= 


amo 


pray + SMe” 


Deg ied 
e+ Tae 
| « halt 


(47) 


= (.998+8, 3x1073) (L—8,5x1073) (l—1.55x1074) 
a P= 2, 35x107> 


av tex 


I, = adjustable to zero t 0,1x107!* amps, 

Noise Factor = approximately that of the 2N28h2 field effect 
transistor at low frequencies and increasing at 20db/decade 
at high frequencies, since the F(min) of the other trans- 
istors is typically less than 1.l. 
3,8 Experimental Results 
3.8.1 Static Tests 

The noise performance of the amplifier was measured 
as a function of both frequency (graph 3-l.) and source imped- 
ance(graph 3-5) by the methods discussed in Chapter II. At 
higher frequencies, or past the 4 noise region, the noise 
figure of the amplifier was approximately equal to that of 
the field effect transistor, while at lower frequencies, 


the 3 noise of Qo, Q., and Qy proved to be large enough to 


3? 
raise the noise figure by 1 to 2 db above that of the FET, 
The noise figure at 10 megohms source impedance and a freqe- 
uency of lke shown on graph 3-5 is about 1 dob higher than 
that shown in graph 3-) at the same frequency and source imp- 
edance, This was attributed to a higher input capacitance 
present during the former test, causing the high frequency 
noise increase to occur at a lower frequency and thus affect 
the noise at lkc. This increased capacitance was present due 
to the necessity of having an external variable source imp- 
edance. 


The increase in noise figure with input capacitance 
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was also checked at l10ke and showed a completely linear 
relationship. This is shown in graph 3-6. 

The input resistance, measured with DC voltages, 
was found to be 2e1xt0" ohms, slightly larger than expected, 
The input capacitance was not measured since this is depend- 
ent only on the amount of capacitance neutralization present. 

By adjustment of Ry and Ry, the input current could 
be set to zero 40.1 pico-amps. This current drifted less 
than 1 pico-amp per hour, after a one hour warm-up period as 
shown on graph 3-7, which was attributed to a 35 mv per hour 
drift of the negative supply battery. Upon examination of 
this cell, a loose terminal was found. In order to keep this 
drift low, high current capacity cells should be used. (W805 
Eveready instrument batteries were used for these experiments). 
It was also noted that an input current drift of about 5 
pico-amps /hour occured if this cell was used for the positive 
supply. 

In conjunction with these tests the output voltage 
drift was found to be less than 0.2 mv/nr. and.elS mv/ °%, 
with the input shorted to ground. 

The frequency response of the amplifier was meas= 
ured with unity negative capacitance gain, and a 10 megohm 
source impedance. These results are shown in graph 3-8 for 
various feedback frequency settings. Also shown on this graph 
is the phase angle measured under the same conditions. 


3.8.2 Response To A Unit Step Input 
The response of the amplifier to a lkc, 200 mv 
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square wave applied through a 10 megohm or a ll megohm 

source resistor is shown in figure 3-11. From figure 3-ll(a), 
it is noted that a rise time of Su seconds can be achieved 
with only a small overshoot using a 10 megohm source imp- 
edance. The oscillatory response observed using a hh megohm 
source impedance(figure 3-11(c)) was found to be due to stray 
capacitances to ground along the length of the source resis- 
tor. This was verified by placing a 1 pico-farad capacitor 

to ground from the junction of the two 22 megohm resistors 
forming the source impedance. 

Decreasing the feedback cut-off frequency, as can 
be seen in these photographs, reduces the response time of 
the amplifier. This was expected since reducing the feedback 
cut-off frequency increases the phase shift at high freq- 
uencies causing the negative capacitance to decrease at a 
lower frequency. These results were obtained by measuring 


the frequency response with a very small source impedance, 
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figure (b) 


Critical Damped Response 
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figure 3-11 Amplifier Response to Square Wave Input 
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Chapter IV 


Conclusions 
4el Circuit Operation 

Although the amplifier meets the requirements of 
chapter I, improvement could be made in some of the characte= 
eristics. The main trouble point is the input current drift 
with temperature. Since the field effect transistor input is 
basically that of a reverse biased diode, it is impossible, 
with this device, to keep the input current from changing less 
than 50 to 100 pico-amps with a 10°C. temperature change. One 
method of compensating for this current, is to use a reverse 
biased diode in the current compensation network. This, how= 
ever, has a detrimental effect on the noise performance of 
the amplifier at high frequencies due to the added capacitance 
which is present in a diode. 


10 ohms also meets the 


The input resistance of 2x10 
requirements of chapter I, but it would be preferable to raise 
this value by one or two orders of magnitude. This is much 
larger than the inherent input resistance of a field effect 
transistor. The level could be increased by the use of a cir= 
cuit employing D.C. bootstrapping of source to drain, 

4.2 Future Trends 

There is now available a fairly similar device in 
the insulated gate field effect transistor commonly called 
a MOS FET. The input impedance of this device is limited 
mainly by surface leakage of the transistor's encapsulation 
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material, and can be as high as 10 ohms. In conjunction 


with this high input impedance, the input current is low 


VI ted qendd 
atrotes toned 
nol¢etego JtyozkO £4! 
to e¢nemertiups: edt etsem.aeriifqme ens dyvoneta | 
-joated® edd to emoe at sham od biiuoo tmemevergal I setgatio 
Stith ¢neruss sual ecd et dntog efdwont abem ed? .sotdstae 
tjuani to¢delanert soet te bfett eft eombe ,emstateqmes ditw 
.sidtaacant el tt ,eboth Seeatd sateves & Io gadd yilsoltasd 
eeel aoigrado mort dnewmo tyqni ont qeext of ,eotveb etds dvi 
en) .enmstio ewisiegmes .0°OL a déiw eame-ookq O0L of 02 madd 
BIsvel a ees ot ei ,iaetttro sitd rot saltseneqmoo to bodien 
-wor .eidT .wrowien cnol¢sensqnmos Inetss eht Gk ebokdS beasid 
lo eofamtotte, saton ad mo Josette Isinmemtitveb @ aan ,teve 
somedioegso bebbs edt o¢ esb asionelwpex? duld va netttfqms eng 
.eboth a st ismee0otq al doltdw 
etd ateem cele anfo “OExS to eonstatees tuqal oaiT 
satat ot af etetonc ad biuow 2f oad .t tedqeanis to edoomeritupet 
foum eat efdT ,ehudingsm To s1ebs0 owt to eno yd exisy eid? 
joelie bieil s&s lo sonsdetest duent dnetedanl edd oad? sepusl 
-tto a To sax ert yd beasgetont ed biyco level ef? .tovatenaead 
Mileth oF so1roe Io melagaettetood .9.d gniyofqms Yigo 
ShnenT emgyh Sj 
mit eolveh wiimta vixtst «os eldaiteve wom sf exedT “ 
helien yfnommon iotstemets toette bLet?t stay bedaiwank 
Hejimifl ef eotveb efdd to eomabeqmi suqnt ed? .THt 
notgalsaqsone e!notelamend od to eyaxsel eostwwe yd ¥ 


yi mm aie ee 
Of es dgatd es od mao baa were 
wolf ef tmetwo duqnt edd ,somsheqmt ieqet gb tds ddtw 


is 


ts 
noldvonciaoo al .amdo 


(56) 


enough that current compensation would not be required, 

At the present time, the only failing of these de- 
vices is a very high, low frequency noise figure, This noise 
is of an f7" nature, where n is typically between 1 and 2, 


and may extend into the megacycle region, (12) 


Two typical 
devices available at this time, a 1005 General Micro- 
Electronics unit and an FI100 Fairchild unit, were tested with 
a 10 megohm source impedance and gave a noise performance as 
shown in graph h-l,. 
The more recently manufactured Fairchild unit shows 

a considerable improvement over the 1005 transistor, If this 
trend to improved low frequency noise figures continues, the 
MOS FET would be ideally suited to measuring action potentials, 
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figure -1 Proposed MOS FET Circuit Diagram 
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A proposed circuit similar to that designed pre- 

viously but using an enhancement type MOS FET and having a 
gain of 2 is given in figure }l-1l. 
4.3 Space Requirements 

One advantage of the transistorized amplifiers is 
the ability to build them into a very small package in order 
to make multiple readings along a nerve, With the methods 
known today, it would be feasible to build either of these 
amplifiers in a space of only one or two cubic inches (exe 
cluding controls). Recent experiments with growing single 
crystal silicon on insulating substrate (13) also brings about 
the possibility of a completely integrated circuit of exe 
tremely small size, Already perfected are methods of forming 
NPN silicon and p-channel FET's on one chip(4), as well as 
methods of forming complementary compound transistors on one 
chip(15), Therefore it would be possible to form the active 
components on, at the most, two chips and to form the pass- 
ive components on a third insulated substrate, 
4. Biological Performance 

The amplifier was used to measure action potentials 
present in a milenated nerve fibre connected to the sartore- 
ious muscle of a frog. The set-up for this experiment is 
shown in figure «2. 

The amplifier was adjusted to a critically damped 
condition by feeding a square wave pulse through a very 
small capacitor (<1 pf) into the amplifier input. This gave 


an impulse signal into the amplifier which was then used to 
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figure h-2 Biological Test Set-up 


adjust the negative capacitance feedback until only a slight 
ringing was present at the amplifier output. The square wave 
used was generated by the circuit of figure h-3, which could 


be-incorporated into_the completed amplifier, if desired. 


figure -3 Astable Multivibrator Circuit 


Before performing the experiment, the tip resistance 
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was roughly measured as 50 megohms. The actual tip resiste 
ance present at the time of measurement may have been less 
than this, however, because of the possibility of a broken 
tip. 

After several attempts, a potential.as shown in 
figure lhl was observed. The wave form was typical with a 
rest potential of —55 mv and a pulse amplitude of 80 mv, 
with a rise time of about 200 44 seconds and a fall time 
of about 1200 4 seconds. It must be pointed out that this 
was not a severe test for the amplifier, but it did serve 
as a check on major performance drawbacks. For a complete 
evaluation of the amplifier, a reasonable amount of varied 
physiological use would ove required. The incorporation of 
the test circuit of figure l-3, would appear to be a very 
useful addition. The addition of the 10 megohm resistance 
(Rye of figure 3-10) to a second input was also found to 


be quite useful for determining the resistance of the tip. 
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figure h-l Frog Action Potential. 
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Appendix I 
FET Paramaters 


An FET can be described by common source y-paramaters as; 


figure T-1 FET Equivalent Circuit 
These can be converted to h-paramaters to give: 
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Common collector paramaters are (common drain) 
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Using the above common collector paramaters we may 
calculate the source follower performance, 
A = 
h Ph = 
Ms cS Perc a (“ie oc rd, 


where Ry, = load resistor in the source lead 
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figure I-2 Source Follower with Source Resistor 
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With normal values of Re and R. this can be approximated 


very closely by: 
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Appendix II 
Compound Connected Field Effect Transistor 
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Q1 
figure II- 1 FET Compound 
Edwards! 4+) nas shown that a compound connected pair 
of transistors can be considered as a single transistor with 
h-paramaters as given below, 
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Appendix I and make the further approximations 
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These may now be converted to common source 
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Appendix IIT 


The two graphs shown in this appendix give the characteristics 


of the 2N28)2 transistor used in the amplifier of Chapter III, 
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4.) Page 


BKRRATA 


17 should read: 
and the system will 
a) be maximally flat if y = 0 
b) have a low frequency boost if ¥<C 


c) have a reduced low frequency gain it ¥ >0 


33 the fou line should read: 


pico-amp was desired. In order to reduce ..c...00 
st 
58 the 21 line, the word milenated should be myelinated. 


20 and Page 37, definition of symbols should read: 


k = Boltzmann's constant = 1.374x107°7 joule/ Kk. 
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